Rare Earth (RE)-containing bioactive glasses has recently gained more relevance in the field of biomaterials due to the unique optical, electronic, and chemical properties of the RE elements. In this work, the influence of gadolinium in the thermal properties of bioactive glasses based on the SiO 2 -Na 2 O-CaO-P 2 O 5 containing different Na/Ca ratio was studied. The glasses were obtained by melting-quenching, and their properties were evaluated by differential thermal analysis, X-ray diffraction, and scanning electron microscopy. The results evidenced that Gd tends to increase the working temperature (Tc-Tg) in Ca-rich glasses, which leads to a less tendency to devitrification. On the other hand, in Na-rich glasses, Gd did not play an essential role in crystallization, and the thermal properties of Gd-containing Na-rich glasses were similar to their counterparts. In conclusion, we suggested that it is possible to control the influence of Gd in the glass devitrification by changing the Na/Ca ratio in the glass composition. These results may be interesting for further works to which crystallization may be either a desired or undesired phenomena.
ics because rare-earth elements have chemical, optical, magnetic and electronic properties that enable the combination of bone regeneration to other properties, such as brachytherapy, a contrast agent for magnetic resonance, luminescence applications in imaging diagnostics, among several other applications [6] [7] [8] [9] .
Awareness about the influence of non-usual chemical elements in the network structure of bioactive glasses is a critical issue, considering that these chemical elements, such as rare-earths, can change the network connectivity and alter their bioactivity. Recently, we have experimentally demonstrated that RE-containing bioactive glasses show less connected network connectivity due to the modifier role of rare earth in the glass network [4] . Besides, Nicollini et al. [1, 2] have shown that cerium tends to be coordinated in preferential sites depending on the glass composition. For example, in phosphatecontaining bioactive glasses, cerium tends to be coordinated by non-bridging oxygens (NBO) from phosphate groups, while in phosphate-free bioactive glasses cerium tends to be coordinated by NBO from the silicate network. Moreover, computational dynamic studies [10, 11] have confirmed this evidence by observing that yttrium forms yttrium mediated cross-linked silicate bonds, Si-O-Y-O-Si, where yttrium plays a modifier role and stablishes covalent bonds between NBOs, being able to cross-link silicate tetrahedrons. In another work, we even suggested that REcontaining bioactive glasses are more prone to be bioactive due to its more fragmented network, and calcium phosphate precipitates faster in such glasses than in their pristine counterparts [5] .
Although relevant information has been clarified regarding the structure of RE-containing bioactive glasses, the knowledge about the influence of RE on the thermal properties of bioactive glasses has not had the same attention. Crystallization in bioactive glasses can be either a desired or undesired property depending on the final application. For example, aiming materials with higher mechanical properties, crystallization is an important mechanism to increase fracture toughness, hardness, and compression strength [12, 13] . On the other hand, when bioactive glass powders are used as raw materials for 3D print- ing, crystallization may be unwanted and, therefore, high crystallization temperature or a wide working temperature becomes an important issue [14] . Therefore, in this work we studied the influence of rare earth on the crystallization of bioactive glasses. The compositions studied in this work are from a series of glass compositions that the research group has been recently studied [4, 5] , so that the thermal properties behavior could be correlated to other finds from previous works, increasing the knowledge about the role of these ions in the structure of bioactive glasses as a whole. In brief, in this work, we studied the gadolinium as a doping element because such cation is a suitable contrast agent for magnetic resonance imaging due to its paramagnetic properties and relaxation time in the order of nanosecond [15] . Iron-containing bioactive glasses were also studied because iron cations on the surface promote interaction with biomolecules that promote cell adhesion, causing an increase in glass biocompatibility [16] .
Materials and methods

Glass synthesis and characterization
Three different glass systems were studied in this work: 1) SiO 2 -Na 2 O-CaO-P 2 O 5 ; 2) SiO 2 -Na 2 O-CaO-P 2 O 5 -Fe 2 O 3 and 3) SiO 2 -Na 2 O-CaO-P 2 O 5 -Fe 2 O 3 -Gd 2 O 3 . For each glass system, the Na/Ca ratios were varied in order to obtain glasses with different dissolution kinetics [17] . The glass compositions can be found in Table 1 . The glasses were obtained by the melting-quenching technique. In brief, SiO 2 (Sigma-Aldrich, 99%), NaOH (Sigma-Aldrich, 99%), CaO (Casa Americana, 99%, Brazil), P 2 O 5 (Vetec, 99%, Brazil), Fe 2 O 3 (Sigma-Aldrich, 99%), Gd 2 O 3 (Sigma-Aldrich, 99.9%) were used as raw materials, mixed in a mortar, placed in a platinum crucible, molten at 1600 ∘ C/2 h (Fortelab FE 1700, Brazil) and quenched onto a brass mold as previously described [4, 18] . Then, glass materials were obtained, as shown in Figure 1 . Note that the green color is due to the iron content in the glass structure.
After cooling, the glasses were crushed and sieved to obtain particles with a diameter less than 125 µm. The particle size of the glasses was measured by performing measurements using a CILAS 119 laser particle size analyzer (CILAS, USA).
As a structural characterization, diffraction patterns were collected using a D8 Focus diffractometer (Bruker AXS, WI, USA). Glass powders were placed onto the sample holder. The data were collected in a range of 5 ∘ < 2θ < 70 ∘ , at a step time of 10 s and step size of 0,02 ∘ , and using Cu Kα radiation. 
Thermal characterization
Differential thermal analysis (Netzsch DSC 404 F1 Pegasus) was used to characterize the glass transition (Tg), crystallization (Tc), and melting (Tm) temperatures of several studied compositions. A heating rate of 10 ∘ C·min −1 was employed using an alumina crucible. Sample measurements were conducted between 30 and 1400 ∘ C, under argon atmosphere. The glass-forming tendency, Kg, was calculated using equation (1) as described in the literature [19] :
Thermal treatment
Once two crystalline phases were observed along with the thermal analysis, three different temperatures of thermal treatment were chosen (800, 950 and 1100 ∘ C), in order to check the evolution of these crystalline phases. Before thermal treatment, the glasses were ground in a mortar, sieved using a mesh #120 µm, and placed in a platinum crucible. The crystalline phases nucleated along with the thermal analysis, were characterized by XRD using the same parameters already mentioned. Also, the crystalline phases nucleated had their crystal-size determined using the Scherrer equation [20] . Scanning electron microscopies were also obtained in order to observe the difference in morphology of the glasses after different thermal treatments. Figure 2 illustrates the macroscopic powder morphology after thermal treatment at different temperatures.
Results
Initial characterization includes the determination of the glasses particle size, which were carried out to understand the influence of particle size on the crystallization. Figure 3 shows the particle size of each glass, and the values of par- ticle size diameter at 10%, 50%, and 90%, and the mean particle size are shown in Table 2 . It was noted that all the glass particles range from 19 to 131 µm. Table 3 shows the particle size parameters thermal properties that were performed in order to evaluate whether the Fe and RE influence the thermal transitions in these glasses. Figures 4 and 5 show the results of differen-tial thermal analysis for Na-rich and Ca-rich compositions, respectively. In general, five or four different critical temperatures were found in Na-rich and Ca-rich, respectively: glass transition (Tg), crystallization temperature (Tc), first melting temperature (Tm 1 ), second melting temperature (Tm 2 ) and third melting temperature (Tm 3 ). The temperature transitions of all the glasses are presented in Table 3 . In order to check the crystalline phases nucleated at Tc and molten at Tm 1 , Tm 2 , and Tm 3 , a thermal treatment was performed in the glasses at temperatures of 800, 950 and 1100 ∘ C. The temperature of 800 ∘ C was chosen because it was higher than Tc and bellow Tm 1 , while 950 ∘ C was chosen because it was between Tm 1 and Tm 2 . The temperature of 1100 ∘ C was chosen because it is between Tm 2 and Tm 3 . After the thermal treatments, the powders were characterized by XRD ( Figure 6 ) and SEM (Figure 7) . The XRD results for the Na-rich glasses treat at 800 ∘ C (Figure 6a, 6d, and 6g,) showed the presence of sodium-calcium silicate (Na 6 Ca 6 Si 6 O 18 , ICDD 00-077-2189) and sodium silicate (Na 2 Si 2 O 5 , ICDD 00-076-0767) as crystalline phases. For Ca-rich glasses (Figure 7a, 7d  and 7g ), only the sodium calcium silicate phased was noted.
The XRD results for those powders treated at 950 ∘ C (Figure 6b, 6e, 6h, 7b, 7e, and 7h) show only the Na 6 Ca 6 Si 6 O 18 crystalline phase, suggesting that the Tm 1 is related to the melting of Na 2 Si 2 O 5 . Glasses heat-treated at 1100 ∘ C showed the same features as those treated at 950 ∘ C, which implies that Tm 2 is associated with the melting of the glassy phase. Figure 8 shows the SEM images for the BG1-FeGd powders before and after heat treatment. Considering the powders that the treatment was not carried out (Figure 8a) , it is observed particles of different sizes characterized by sharp edges. When the powders are thermally treated at 800 ∘ C (Figure 8b) , the powder edges are delineated by smoothed edges that are related to the softening of the glass structure, as long as 800 ∘ C is more than 300 ∘ C above the glass transition. Finally, at 1100 ∘ C (Figure 8c ), the powders exhibit sharp edges and the presence of crystals (red arrows Figure 8c ). The same behavior was observed in all the powders.
The crystals formed after the different thermal treatment had their size measured by employing the Scherrer Equation in the XRD data. Table 4 shows the results obtained from crystal-size for all the compositions. In gen- 
Discussion
Concerning thermal characterization, our results suggest that the addition of iron or gadolinium neither inhibits nor promoted any critical temperature transition. Considering that RE-containing glasses showed less connected network connectivity, as suggested in previous works [4] , our results propose that such changes in the glass network do not lead to systematic changes in the critical temperatures. Additionally, the addition of gadolinium in the glasses neither induce nor promote other crystallization than the ones observed in the parent glass. Therefore, even after thermal treatments, gadolinium remained in the glass network, and no crystalline phase containing gadolinium was observed. In temperatures around 550 ∘ C occurs the glass transition associated with softening of the glass structure that allows the diffusion of atoms, explaining the crystallization around 680 ∘ C. Thus, the first melting temperature is observed right after 800 ∘ C for Na-rich glasses, which is related to the melting of the sodium silicate phase. This was proofed by the XRD diffraction collected after thermal treatment at 800 and 950 ∘ C, which are the temperatures before and after the first melting temperature (Tm 1 ). In Figures 6a, 6d, and 6g , all the XRD patterns show the presence of two crystalline phases, and when the glasses were submitted to heat treatment at 950 ∘ C, the XRD patterns only showed one crystalline phase. This fact evidences that the sodium silicate phase was molten at this temperature. Inglis et al. [21] has already mentioned that sodium silicate (Na 2 Si 2 O 5 ) has a melting point around 850 ∘ C, which is in agreement with our finds. Moreover, the sodium silicate phase was only crystallized in Na-rich glasses, which is a characteristic of silicate glasses rich in sodium [22] , and explain why such phase was neither noticed in the XRD diffraction patterns nor the DTA results of Ca-rich compositions.
Regarding the observed thermal transitions, three main points are noteworthy to focus on. First, the Na-rich compositions (BG1, BG1-Fe, and BG1-FeGd) showed lower glass transitions than those Ca-rich compositions; this fact has already been described in the literature [23] , and it is related to the less connected network caused by the addition of Na 2 O. Second, the crystallization peaks in high Ca-content glasses were broadened, suggesting possible slower crystallization kinetics for these glasses, which can be explained due to the lower calcium mobility in the glass structure [24, 25] . Third, the onset crystallization temperature for the BG2-FeGd glass was significantly higher than the other glasses from the BG2 series, which means that this composition has a higher working temperature (Tc on−set − Tg); similar results were already reported in the literature for Ce-containing bioactive glasses [1] , which reinforce such character for rare-earth elements in quaternary bioactive glasses. Besides, the glass devitrification indexes (Kg) calculated for all compositions suggest that when gadolinium ions were added in a Ca-rich glass, there was an increase in the Kg, which implies that the BG2-FeGd composition has a less tendency to devitrification. This last find corroborate to other electron paramagnetic resonance results that we have obtained for Gd-containing bioactive glasses; gadolinium tends to form clusters in the glass structure -as other RE also do -but a certain amount of Gd 3+ ions has a modifier role in the glass network, which could explain the less tendency to devitrification, considering that gadolinium has low mobility in the glass network due to its large atomic radius.
These three finds aforementioned is essential because it is possible to infer that, for Na-rich series, gadolinium did not influence crystallization, which could be valuable information for those who want to crystallize glasses. On the other hand, in the Ca-rich series, gadolinium increased the working temperature and diminished the devitrification tendency, which could be useful information for those who want to avoid crystallization, such as those who work with 3D printing of bioceramics [14] . Overall, these results suggest that it is possible to control the influence of gadolinium in the devitrification tendency by changing the Na/Ca ratio of bioactive glasses.
It is worth noting to mention that the particle size distribution showed that all glass powders had the same size distribution, which means that the finds regarding crystallization are related to the influence of Na/Ca ratio and Gd on the glass structure rather than a phenomenon associated with the glass particle size. It is known that particle size distribution plays an essential role in the crystallization mechanism and kinetics [26] . For example, exothermic peak related to crystallization usually shits towards higher temperatures when the particle size is decreased, which is a consequence of different crystallization mechanisms that are dependent on particle size. Such fact implies that some finds about crystallization observed in this work could be an effect of particle size. However, such a hypothesis was rejected, considering that all the glasses showed a similar particle size distribution.
All thermal transitions described here were already described in the literature for bioactive glasses [13, 19] . Through the thermal characterization carried out in this study, we observed that Tm 2 and Tm 3 are related to a glassy and calcium sodium silicate phases, respectively. Also, sodium silicate has a lower melting point (Tm 1 ) compared to the calcium sodium silicate (Tm 3 ). Interestingly, in Figure 2 it is possible to note that the glasses treated at 1100 ∘ C showed a more smooth surface, which is maybe related to the complete melting of the sodium silicate phase, conferring a glassy effect on the glass surface.
From the results of the crystal-size determination using the Scherrer equation, it was noted that gadolinium did not influence the crystallite size for any composition. It may be valuable information for crystallization studies that aim higher mechanical properties, considering the role of such crystal in the fracture mechanisms in glasses (e.g., crack deflection).
Conclusion
In conclusion, Gd-containing bioactive glasses were obtained by melting-quenching and had their thermal properties evaluated. The overall results suggested that it is possible to control the influence of gadolinium in the glass devitrification by changing the Na/Ca ratio of the bioactive glass compositions. In Ca-rich glasses, Gd tends to decrease the glass devitrification, while in Na-rich glasses, Gd does not significantly influence thermal properties. These finds can be useful for further works in which crystallization is an important issue. Also, considering that, so far, RE-containing bioactive glasses have shown the same behavior for different rare-earths, we believe that such behavior might be extrapolated for other RE-containing bioactive glasses in which the content of RE is low (less than 2.5 wt.%) like in our studies.
